RESTRICTION SITE
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ABSTRACT

By focusing exclusively on the highly conserved inverted repeat region of the chlo
comparative restriction site mapping to greater evolutionary depths than those to which it

Stephen R. Downie** and Jeffrey D. Palmer’

roplast genome, we cxtalll
has been applied previously.

A cladistic analysis of inverted repeat restriction site data is presented in order to enhance understanding of relationships

within the Asteridae and to test the possible monophyly of the Asteridae. A tota
families of Asteridae and eight families of Rosidae and Dilleniidae (sensu Cronquist) was ex
exhibited restriction maps of sufficient colinearity to be included in the phylogenetic ana |
restriction endonucleases identified a total of 77 restriction sites, 55 of which were phylogenetlcally

| of 114 species, representing 33
amined, of which 99‘390“'
lysis. Analysis with four
informative.

Parsimony analysis identified six major groups that broadly correspond to traditionally recognized orders

Asteridae: Asterales, Boraginales, Dipsacales, Gentianales, Scrophulariales plus Lamiales, and Sol.analeﬂ-
further suggest that the Asteridae, as traditionally circumscribed, are not monophyletic. The Apiaceae, bcletes
Cornaceae, Hydrangeaceae, Loasaceae, and possibly the Fouquieriaceae, all placed previously by Cronquist in =t
Dilleniidae and Rosidae, should be included in a broadly defined Asteridae. The Cornaceae, Hydrangeacea®

Loasaceae appear closely related. Unexpected results include a probable sister-group relations.hlp bf"f““
and Dipsacales, and the placement of the Menyanthaceae in the Asterales. Familial relationships within sever

and interordinal relationships remain poorly resolved.

The Asteridae, comprising about a third of all
dicot species, are the second largest subclass of
dicots and are thought to be of relatively recent
origin compared to other dicot subclasses (Cron-
quist, 1981). Most members are characterized by
derived features of floral morphology (e.g., sym-
petalous flowers), embryology, and chemistry. Al-
though the concept of Asteridae can be traced back
to the late seventeenth and early eighteenth cen-
turies (de Jussieu, 1789; de Candolle, 1813), the
present circumscription of this group as a subclass
was described imtally by Takhtajan (1964). Phy-
logenetic relationships within recent classifications
of the subclass (sensu Cronquist, 1981, and Takh-
tajan, 1980) have remained unclear despite inten-
sive morphological, anatomical, and phytochemical
analyses. Substantial disagreement exists regarding
interfamilial and interordinal relationships, with
many genera and families of uncertain familial or
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ordinal placement. Moreover, the monophyly of
the subclass itself has been disputed (Dahlgren.
1983: Thorne, 1983; Takhtajan, 1987). To dat®
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logenetic distance and molecular div g
crease, so does the proportion of homoplastic

changes. Additionally, the accumulation of e

We thask
996262, We L

study, and Robert Price, Richard Olmstead, and Michael Donoghue for comments on the manuscript.
* Department of Biology, Indiana University, Bloomington, Indiana 47405, U.S.A. . (™
' Present Address: Department of Plant Biology, University of Illinois at Urbana-Champaign. Urbat

61801, US.A.

ANN. Missourt Bor. GArp. 79: 266-283. 1992.




Volume 79, Number 2
1992

tions and deletions prevents alignment of restriction
maps and assessment of site homology. Higher-
level relationships have been studied previously by
chloroplast gene sequencing (e.g., Soltis et al.,
1990b; Olmstead et al., 1992) and by the distri-
bution of major structural rearrangements in the
chloroplast genome (e.g., Jansen & Palmer, 1987;
Downie et al., 1991).

While investigating chloroplast genome struc-
tural variation in a wide array of angiosperms
(Downie & Palmer, 1991), we noticed that the
chloroplast DNA (cpDNA) of many species pos-
sessed restriction fragments in their large inverted
repeat (IR) that were similar in size. In a typical
angiosperm chloroplast genome of 150 kb, each
of the two IR copies is about 25 kb in size. The
remarkable conservation in size of IR restriction
fragments across most dicot lineages lead us to
believe that it might be possible to analyze restric-
tion sites in this region for phylogenetic purposes.
Preliminary mapping studies revealed that many
restriction sites were indeed conserved across major
lineages of Asteridae.

The first evidence that IR sequences in cpDNA
have lower mutation rates than single-copy se-

quences came from restriction site analyses at the
wtrafamilial level (Palmer & Zamir, 1982; Palmer
et al,, 1983a, b; Clegg et al., 1984; Sytsma &
Schaal, 1985; Jansen & Palmer, 1987). A detailed
®xamination of gene sequences confirmed this in-
lerence and demonstrated that rates of nucleotide
substitution at silent (synonymous) sites and in non-
coding sequences in the IR are 4-6 times lower
(Wolfe et al.. 1987; K. Wolfe, unpublished). The
rate of insertions and deletions also appears 1o be
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chromosome, that comparative restriction site
mapping can be extended to taxonomic levels high-
er than previously considered possible, and (2) to
formulate more precise hypotheses about relation.
ships among the diverse clades comprising the As.
teridae and to test their monophyly and origins
relative to putatively ancestral groups in the Rosi-

dae and Dillenudae.

MATERIALS AND METHODS

Material of 114 species, representing 103 spe-
cies of Asteridae, 2 species of Dilleniidae, and 9
species of Rosidae (sensu Cronquist, 1981), was
field collected or obtained from various sources,
either as fresh leaf material or DNA. A list of
sources and voucher information for all taxa ex.
amined herein is available upon request. The 114
species represent 33 of 49 families of Astenidae

(sensu Cronquist), two families of Dillenidae, and

six families of Rosidae (Table 1). The remaming

families treated by Cronquist in subclass Astendae
were omitted from the analysis because matenial

was unavailable for study. The isolation of cpDNA

or total cellular DNA from leal matenal was ac-

complished using the sucrose gradient technique

of Palmer (1986) or the modified CTAB procedure

of Doyle & Doyle (1987), respectively. All cpDNAs
and most total DNAs were further purified by cen.

trifugation in cesium chlonide/ethidium bromide

gradients.

All DNAs were digested singly with each of four

blue dye marker was run 6 cm. In this way four
20.cm-wide filters could be placed on a standard
20 x 25.cm x-ray flm. For the remaming 39

‘Uppressed in the IR compared to single-copy
regons (Doebley et al., 1987; Jansen & Palmer,
1988; Schilling & Jansen, 1989; Wallace & Jan-
‘en, 1990; Soltis et al., 1990b; K. Wolfe, C. Mor-
den & J. Palmer, unpublished). The evolutionary

for mutation rates in the IR are not understood.
Here we present results from a cladistic analysis
of cpDNA IR restriction site variation within the
- Asteridae. Since the study presented here was not
designed to sample restriction site changes com-
Prebensively, but rather to look for phylogenet:.

species, which were analyzed at a later date, the
dye marker was run 12 em. The resulting cpDNA
fragments were bidirectionally transferred to nylon
filters (Zetabind, AMF Cuno), and visualized by
filter hybridizations using “P-labeled probes (de-
scribed below) and autoradiography (Palmer, 1986,
Palmer et al., 1988; Downie & Palmer, 1991).
Size markers used were equimolar mixtures of phage
lambda DNA digested with EcoRl and Hindlll and
with Hindlll alone. Fillers were washed in 2 x
SSC. 0.5% SDS twice for 5-10 minutes at room
temperature and 2-3 times for 60 minutes at 65°C
prior 1o autoradiography. Twenty-six subclones of
a Nicotiana tabacum cpDNA kibrary (Sugiura et

“."-Bﬁdmnrdchnngu.odyfourmuicﬁm
fxymes were used instead of the 10-25 that typify
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TaBLE 1. Taxa scored for inverted repeat restriction site variation. System of classification follows that of Cronquist
(1981). Asterisks denote plants that are not included in the cladistic analysis because their chloroplast genomes are
rearranged or extremely divergent in base sequence relative to Nicotiana tabacum.

DILLENIIDAE Sambucus canadensis
Violales Symphoricarpos albus
Fouquieriaceae Viburnum acerifolium
Fouquieria splendens Weigela hortensis
Loasaceae Dipsacaceae

Fucnide hirta

ROSIDAE
Apiales
Apiaceae
Coriandrum sativum
Araliaceae
Hedera helix
Trevesia sundaica
Cornales
Cornaceae
Aucuba japonica
Cornus mas
Cornus kousa
Rosales
Grossulariaceae
Ribes americanum
Hydrangeaceae
Hydrangea sp.
Rosaceae
Spiraea nipponica

ASTERIDAE
Asterales
Asteraceae
Barnadesia caryophylla
Lactuca sativa
Callitrichales
Callitrichaceae
Callitriche heterophylla
Calycerales
Calyceraceae
Boopis graminea
Gamocarpha poeppigii
Campanulales
Campanulaceae
Campanula garganica™
Campanula ramosa™
Hippobroma longiflora®
Jasione montana®
Lobelia erinus®
Lobelia laxiflora®

Monopsis lutea™

Platycodon grandiflorus®

Sclerotheca jayorum®
(Goodeniaceae
(GGoodenia ovata®*
Scaevola taccada™
Dipsacales
Caprifoliaceae
Kolkwitzia amabilis
Lonicera subsessilis

Cephalaria leucantha
Dipsacus sativus
Scabiosa ochroleuca
Valerianaceae
Valeriana sp.
Gentianales
Apocynaceae
Apocynum cannabinum
Acokanthera oblongifolia
Ochrosia eliptica
Prestonia acutifolia
Vinca minor
Ascelpiadaceae
Asclepias curassavica
Asclepias exaltata
Periploca sepium
Gentianaceae
Exacum affine
Gentiana dahurica
Lisianthus skinnert
Obolaria virginica
Loganiaceae
Fagraea zeylanica
Spigelia marilandica
Strychnos spinosa
Lamiales
Boraginaceae
Borago officinalis
Heliotropium arborescens
Mertensia virginica
Lamiaceae
Comanthosphace stellipila
Melissa officinalis
Pogostemon patchulii
Prasium majus
Prostanthera nivea
Salvia divinorum
Scutellaria bolandert
Stachys officinalis
Teucrium canadense
Verbenaceae
Callicarpa dichotoma
Caryopteris clandonensis
Clerodendrum fragrans
Clerodendrum ugandense
Phyla scaberrima
Phryma leptostachya
Premna japonica
Verbena bonariensts
Rubiales
Rubiaceae
Pentas lanceolata
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TABLE 1. Continued.

Scrophulariales
Acanthaceae
Graptophyllum pictum
Justicia carnea
Pachystachys lutea
Bignoniaceae
Campsis radicans
Catalpa bignonioides
Clytostoma callistegioides
Buddlejaceae
Buddleja davidii
Gesneriaceae
Alsobia dianthiflora
Nematanthus hirsutus
Globulariaceae
Globularia salicinus
Myoporaceae
Eremophila maculata

Myoporum sandwicense
Oleaceae

Forysthia sp.

Ligustrum sinensis

Syringa vulgaris

Orobanchaceae

Conopholis americana*

Epifagus virginiana*
Pedaliaceae

Proboscidea louisianica

Sesamum indicum
Scrophulariaceae

Antirrhinum majus

Digitalis parviflorum

IR and adjacent portions of the single-copy regions,
and range in size from 0.2 to 3.3 kb (averaging
dpproximately 1 kb).

Unambiguous restriction site maps for each of

the four enzymes were constructed for Nicotiana
tabacum by computer analysis of its completely
known cpDNA sequence (Shinozaki et al., 1980;
Fig. 1). Because many restriction sites and frag-
Ment sizes among the taxa examined coincided with
those known in M. tabacum, mapping efforts were
greatly facilitated by scoring our data against these
Maps. The inclusion of one lane of N. tabacum
°pDNA on all filters permitted a comparison be-
tween the expected size of a particular fragment
M N. tabacum (as ascertained from the computer-
generated map) and the observed size in other taxa.

P arsimony analyses of the restriction site data
were conducted using PAUP version 3.0k- (Swof-
ford, 1990) on a Macintosh 11fx computer. All
three buncholwapping algorithms and the three
*quences of taxon addition (umpk. closest, and
fandom) used by PAUP were employed in an at-
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Paulownia tomentosa
Striga asiatica®
Verbascum thapsus

Solanales
Convolvulaceae
Calonyction aculeatum
Convolvulus tricolor
Ipomoea pes-caprae
Cuscutaceae
Cuscuta sp.*
Hydrophyllaceae
Eriodictyon californica
Hydrophyllum virginiana
Menyanthaceae
Fauria crista-galli
Menyanthes trifoliata
Nymphoides peltata
Villarsia calthifolia

Nolanaceae
Nolana spathulata

Polemoniaceae
Phlox ‘Pinafore Pink’
Polemonium reptans
Solanaceae

lochroma cyaneum
Nicotiana tabacum
Schizanthus pinnatus

Solandra grandifiora

tempt to find the most parsimonious trees. The
data matrix is available upon request.

To assess the circumscription and possible mono-
phyly of the Asteridae, a number of outgroups were
chosen from putatively related taxa in Rosidae and

Dilleniidae sensu Cronquist. These taxa included
representatives from the Apiaceae, Araliaceae,

Cornaceae, Fouquieriaceae, Grossulaniaceae, Hy-
drangeaceae, Loasaceae, and Rosaceae (Table 1).
Among current classifications, a consensus exists
favoring a “Rosalean™ ancestry for the Asteridae
(e.g., Cronquist, 1981; Takhtajan, 1987); how-
ever. the exact boundaries between the Rosidae
and Asteridae are subject to some dispute. Results

from a concurrent phylogenetic analysis of rbcl
sequence data (Olmstead et al., 1992) indicate that

the Apiaceae, Araliaceae, Cornaceae, and Hy-

drangeaceae should all be included in a broadly
defined Asteridae. Other evidence suggests the same

for the Loasaceae (Takhtajan, 1980) and Fou.

quieriaceae (Thorne, | 17). Consequently, Spi-
raca nipponica (Rosaceae, Rosidae) was ultimately

. e ‘ —
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114 species of dicotyledonous plants were scored against these maps.

chosen as the outgroup in this analysis, because
the Rosaceae are clearly excluded from the As-
teridae in all modern systems of classification. The
trees computed by PAUP were rooted by position-
ing the root along the branch connecting Spiraea
to the rest of the network (see simultaneous res-

olution procedure, Maddison et al., 1984).

RESULTS AND DISCUSSION

(1) RESTRICTION SITE VARIATION

Restriction site maps of IR sequences for each
of 114 species (Table 1) were constructed for four
enzymes using 26 hybridization probes from /Vi-
cotiana tabacum (Fig. 1). The maps reveal that
the IR of 99 of these cpDNAs is both colinear in
gene arrangement and readily aligned with that of
N. tabacum (and, thereby, also with the IR of the
majority of angiosperms so far examined). In con-
trast, at the interfamilial level, little or no alignment
of restriction sites was possible in adjacent single-
copy regions. Restriction site maps of the IR for
15 species (Table 1) could not be aligned with the
computer-generated base maps of N. tabacum.

Consequently, these taxa were excluded from the
cladistic analysis. Excluded were two parasitic as-

terid genera, Conopholis (Orobanchaceae) and

FICURE 2.

the text. Familial designations follow Cronquist (1981).

Majority-rule consensus tree consistent with 90% of 5,000 equally parsimonious 159-step Ir
from Wagner parsimony. Asterisks denote clades that are consistent with 100% of the
Complete names of all taxa are provided in Table 1. Taxa are divided into ten groups (A to J) and are

Striga (Scrophulariaceae), which have each l::;
one entire segment of their cpDNA IR. Increa
sequence divergence in those regions that are con-
tained within an IR in most anglosperms made the
assessment of site homology difficult. Except fl?{'
Conopholis and Striga, variation in size of the
was minimal and did not confound interpretatio®
The 13 other excluded species, from the @mw-
ulaceae (including Lobeliaceae), GOOdemacea:li
Cuscutaceae, and Orobanchaceae (Ta.ble L), 5
possessed a large IR but were otherwise to:) N
arranged and divergent in sequence rélatl"e -
tabacum to be included in the analysns.. -
Comparison of the 99 alignable ?estnctlor;aled
maps, representing 37 families of dicots, rev e
low levels of restriction site divergence: Fifty- .
(71.5%) of the 77 restriction sites identified 3‘:‘:“
99 taxa were shared by two or more taxd an 299
thus informative for phylogenetic anal)fSL‘-"; 17,,3 Gy
of the remaining sites were unvarying, ot
(6.5%) were unique to individual taxa and,
fore, provided no phylogenetic information:
77 restriction sites examined represen
1.8% of the entire IR and 0.3% of "
chloroplast genome. The occurrence Of ma:ilgabk
variant restriction sites and of readily ident 0
homologous sites across 37 families belongins

—

ees d"'u:
133 P"Si'“""i“:,,d o

regions of Nicotiana

d as hybridization probes
he IR and the .181'8°
d the small single
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three subclasses of dicotyledons (sensu Cronquist,
1981) is notable. Even more remarkable is the
observation that several of these restriction sites
were found to be conserved among representatives
from all dicot subclasses and from some monocot
subclasses as well (S. Downie & J. Palmer, un-
published). Monocots and dicots represent angio-
sperm lineages that may have diverged on the order
of 200 million years ago (Wolfe et al., 1989).
The largest number of site changes between any
pair of DNAs as inferred from the tree in Figure
3 s 21, for Nicotiana and Valeriana and for
Borago and Valeriana (Table 3). In contrast, sev-
efil of the DNAs are identical in all 77 restriction
sites compared. Sequence divergence values were
calculated among the outgroup species, Spiraea
Uipponica, and one (or two, as in the case of Group
D) representative species within each of the 10
major groups identified in Figure 2. Estimates of
ml.cleotide substitution per site (100 x P) between
pairs of taxa range between 0.7 and 8.5 with an
dverage of 4.5 (Brown et al., 1979; Table 3). This

range of nucleotide divergence among species be-

longing to at least two subclasses and ten orders
of dicotyledons is similar to those reported for in-
‘ergeneric studies where the entire chloroplast ge-
“ome was examined (e.g., Palmer et al., 1983a;
Jansen & Palmer, 1987, 1988).

(2) RESTRICTION FRAGMENT LENGTH VARIATION

D‘Mddenons. one insertion, and one nonpo-
lanzable length variant were detected in cpDNAs
a(27o[the993pecies('l'lble2). We have greatly
underestimated the actual extent of restriction frag-
ment length variation in the 99 species examined
h“f'ﬂe most cpDNA length mutations (for the
:""M)ml-wbpinm(?almr. 1985).

® could not detect length variants smaller than
300 bp for those gels where the bromophenol blue
‘Y‘mrtetmrun6cmandlengthnﬁlnu
‘maller than 200 bp for those gels where the dye
w"nrunl2cm(oeemedwdtnection).

m&"‘alg\hvarhntinTnNeZcoﬂupmdl
b“"hdmmuonlmdnrpl'.’m.hbu
::lbowupreviomlythntherpnimrmlul
lost at least six times in the dicots, including

* least twice in the Asteridae, once in the ancestral
c"""“"‘lmo and once in the ancestral Menyan-
hacese (Downie et al., 1991). The four other
Vanants occur within the gene ORF2280
b= 1). This gene is absent in the grasses, and
"4)or deletions within the gene are known in sev-
“%Wm(ﬂiﬂmhud.. 1989;
Downie & Palmer, 1991, and unpublished). The
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absence of any detectable length variation in in-
tergenic spacers is surprising, as these comprise
23% of the Nicotiana tabacum IR and presumably
could easily accommodate the disruptive effects of
insertions and deletions. The rarity of length vari-
ation within the IR relative to single-copy sequenc-
es has been reported previously (Doebley et al.,
1987; Jansen & Palmer, 1988; Schilling & Jansen,
1989; Wallace & Jansen, 1990; Soltis et al., 1990a;
K. Wolfe, C. Morden & J. Palmer, unpublished).

Four of these length variants were shared by
two or more taxa and, thus, are phylogenetically
informative. Although length mutations were not
used in the phylogenetic analysis, the phylogeny
constructed from IR restriction site mutations (see
below; Figs. 2 and 3) implies that the second, third,
and fourth length mutations described in Table 2
have occurred independently eight, one, and three

times, respectively. For those taxa possessing de.
letions, restriction sites in these regions were scored

as missing data.

(3) PHYLOGENETIC ANALYSIS OF INVERTED REPEAT
RESTRICTION SITE MUTATIONS

A phylogenetic analysis using Wagner pars-
mony and 99 taxa resulted in many shortest trees
of 159 steps, with a consistency index (Cl) of 0.36
(excluding uninformative characters). Sanderson &
Donoghue (1989) found CI to be inversely cor.
related with the number of taxa included mn an
analysis. The largest data sets analyzed in their
study included 65-68 taxa and had Cl values of
0.32-0.37. Although there was no data set in their
study comparable in number of taxa to ours, a Cl

value of 0.36 for 99 taxa appears 10 be higher

than expected.

The exact number of minimum length trees could
not be determined. PAUP found 9,000 159.step
trees before the computer’s memory was exhausted
and the analysis terminated. Subsequently, the
maximum number of trees saved by PAUFP was
arbitrarily set to 5,000, and from these a 907
majority rule consensus tree was derived (Fig. 2).

Given the exploratory nature of this study, a 90%

majority rule consensus tree was chosen over a
strict consensus tree in order 1o offer greater res.

olution among the clades. However, it is stressed

that the percentage values presented in Figure 2

do not measure the robustness of the clades, but

rather indicate how many tumes particular groups

of plants fall out together as monophyletic in the

5.000 shortest trees examined. The large number

of taxa (99) relative to the number of informative
characters (55) resulted in few synapomorphios
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TaBLE 2. Chloroplast DNA restriction-fragment length variation® in the inverted repeat region in Asteridae and

related genera.

Probe®
4

10

12-13

Varnation®

Deletion

Deletion

Insertion

Deletion

Annals of the

Missouri Botanical Garden

Size (bp)
600

400

200

200

Species

Convolvulaceae
Calonyction aculeatum
Convolvulus tricolor
Ipomoea pes-caprae

Menyanthaceae
Fauria crista-galli
Menyanthes trifoliata
Nymphoides peltata
Villarsia calthifolia

Apiaceae
Coriandrum satiwum

Araliaceae
Hedera helix
Trevesia sundaica

Asclepiadaceae
Asclepias curassavica
Asclepias exaltata
Periploca sepium

Bignoniaceae
Catalpa bignonioides
Clytostoma callistegioides
Caprifoliaceae
Kolkwitzia amabilis
Lonicera subsessilis
Symphoricarpos albus
Weigela hortensis
Convolvulaceae
Calonyction aculeatum
Convolvulus tricolor
Ipomoea pes-caprae
Dipsacaceae
Cephalaria leucantha
Dipsacus sativus
Scabiosa ochroleuca
Oleaceae
Ligustrum sinensis
Pedaliaceae
Sesamum indicum
Solanaceae
Schizanthus pinnatus
Valerianaceae
Valeriana sp.
Caprifohaceae
Kolkwitzia amabilis
Lonicera subsessilis
Symphoricarpos albus
Weigela hortensis
Dipsacaceae
Cephalaria leucantha
Dipsacus sativus
Scabiosa ochroleuca
Valerianaceae
Valeriana sp.
Bignoniaceae
Clytostoma callistegioides
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TaBLE 2. Continued.

Probe® Size (bp)

Species

Convolvulaceae

Calonyction aculeatum

Convolvulus tricolor

Ipomoea pes-caprae
Solanaceae

Schizanthus pinnatus
Rosaceae

Spiraea nipponica

Variation®

12~-13 Nonpolarizable 500

*Only length variants greater than 200-300 bp were detected (see text).
"See Figure 1 for map coordinates in kb and region of gene deletion/insertion.
 Restriction-fragment length variation relative to Nicotiana tabacum.

the cladogram. The clades identified by an asterisk
in Figure 2 were consistent with 100% of the
equally parsimonious trees. The distribution of ho-
moplasy is such that it effectively increases the
number of characters supporting many branches.

supporting each clade in the most parsimonious
trees. The distribution of character support in one
of these 5,000 equally parsimonious trees (chosen
.because of its similarity with the consensus tree)
s illustrated in F igure 3, with nearly two-thirds of
the nonterminal branches supported by only one
character change. This, combined with the great
length of time for the computer analyses, suggests
that a bootstrap analysis (Felsenstein, 1985) to
Provide a quantitative measure of support for the
clades identified in the consensus tree would be
both inappropriate and impractical. Among 99 taxa
and 77 restriction sites compared, the number of
Mutations for each site inferred from the tree in
Figure 3 ranged from O to 8 with a mean of 2.1.
Consequently, many of the single-length branches
are characterized by homoplasious mutations. In
*Pite of the low ratio of characters to taxa and the
large number of equally parsimonious trees, a high

degree of resolution is attained in some portions of

(4) PHYLOGENETIC IMPLICATIONS OF
CHLOROPLAST DNA MUTATIONS

Ten groups are identified that either coincide

with orders recognized traditionally in the subclass
or present novel relationships. These ten groups,
identified from top to bottom in Figure 2, are: (A)
a clade consisting of Cornus, Hydrangeaceae, and
Loasaceae; (B) Solanales; (C) Boraginales; (D)
Scrophulariales plus Lamiales; (E) Gentianales; (F)
a clade consisting of Viburnum and Sambucus:
(G) a clade consisting of Asterales, Calyceraceae,
and Menyanthaceae; (H) Apiales; (I) Dipsacales
(minus Viburnum and Sambucus); and (J) a basal

TABLE 3. Estimated nucleotide sequence divergence of the cpDNA IR among species of Asteridae and related
senera. Complete names of species and their ordinal placement are presented in Table 1. The upper right portion of
the matrix indicates the number of IR restriction site mutations between the two taxa as determined by direct pairwise
“Mparisons. Pairwise nucleotide sequence divergence estimates are expressed by 100 X p in the lower left portion
o the matrix (Brown et al., 1979). The number of restriction sites examined for each species ranged from 37 to 48.

Opecies l 2 3 4 5 6 7 H 9 10 11 12

" Spiraca — AN |7 ity | O | RN TR - TR | TR T . | 7
; Hydrangeq H g T g T T G R § SRR SSURN [ A T | SRR
> Nicotianq 64 44 — 13 7 ARSI S ST T L (RN | T §
>+ Borago 4.1 3.0 4.7 — 10 8 18 11 L6y 3% 23X, 13
5. Verbascum 44 26 27 43 — 2 16 8 13 9 16 6
> Syringa 44 18 19 35 07 — 14 6 11 phAE B
I Asclepias 75 68 80 B2 68 59 — 18 19 17 19 16
o Viburnum 3R L8 40,4 30, 22 18 7 & s 4
13’ Lactuca 49 37 63 64 51 43 82 26 — 12 17 7
- Coriandrum 33 23 32 66 28 28 66 19 41 — 13 -
:l Valeriana 69 63 82 84 71 63 85 45 68 44 — 14
% Fouquierig S8 28" A1 S0 23 23 66 18 27 20 8% -~
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branch consisting of Fougquieria and Polemoni-
aceae.

The major clade comprising groups B, C, D,
and E 1s consistent with the subclass Lamudae as
recognized by Takhtajan (1987), but with the ex-
clusion of the Menyanthaceae and Loasaceae. For

the most part, relationships among the ten groups
are poorly resolved.

Monophyly of the Asteridae. Disagreement
prevails as to whether or not the Asteridae are
monophyletic. Cronquist (1981), Stebbins (1974),
Takhtajan (1980), and Wagenitz (1977) consider
the Asteridae to be a natural group, implying that
they are monophyletic, whereas Philipson (1977),
Dahlgren (1983), Throne (1983), and Takhtajan
(1987) view the Asteridae (sensu Cronquist) as
unnatural. Our results indicate that the Asteridae,
as traditionally circumscribed, are not monophy-
letic. The Apiaceae, Araliaceae, Cornaceae, Hy-
drangeaceae, Loasaceae, and possibly the Fou-
queriaceae, all traditionally placed in the Rosidae
or Dilleniidae (e.g., Cronquist, 1981), should, in
our view, be included within a broadly defined
Asteridae. Additional molecular support for the in-
clusion of the Apiaceae, Araliaceae, Cornaceae,
and Hydrangeaceae in Asteridae sens. lat. comes
from rbcL sequence data (Olmstead et al., 1992,
and unpublished). Olmstead et al. (1992) have
shown that the origin and diversification of the
Asteridae sens. lat. lie deep within the ‘‘higher”
dicots, i.e., that the subclass is not of recent origin

as argued by Cronquist (1981). Our results, using

Spiraea as an outgroup, are generally in accord
with those obtained from the rbcL analysis, in

which representatives from the Magnoliidae were
used as outgroups (Olmstead et al., 1992).

These results indicate that the subclass does not
entirely correspond to its usual circumscription as
a primarily sympetalous group. The occurrence of
distinct petals in Aucuba (Cornaceae), the Apiales,
and the clade consisting of Cornus (Cornaceae),
Hydrangea (Hydrangeaceae), and Eucnide (Loa-
saceae) suggests that at least two reversals are
necessary to generate polypetally in these taxa
from putatively sympetalous ancestors. Alterna-
tively, these taxa may represent the retention of
the ancestral state of polypetally with sympetally

ansing at least four times during evolution of the
Asteridae.

Phylogenetic Relationships Within the Aster-
tdae. Below we discuss the ten major groups of
Asteridae sens. lat. seen in the cladogram (Fig. 2).
Our results, although preliminary, are generally
consistent with traditional morphological groupings

Annals of the
Missouri Botanical Garden

and with the results obtained from rbcL sequence
data (Olmstead et al., 1992). The results of our
analysis regarding representatives of the Rosidae
(Apiaceae, Araliaceae, Cornaceae, Hydrange-
aceae) and Dilleniidae (Fouquieriaceae, Loasaceae)
sensu Cronquist in the Asteridae sens. lat. suggest
that neither of these subclasses are monophyletic
and that their higher-level relationships are in need
of further study.

(A) Hydrangeaceae, Cornaceae, and Loasa-
ceae. The traditional association of Hydrange-
aceae with the Saxifragaceae and its allied woody
families has been disputed by Dahlgren (1980,
1983), Takhtajan (1987), and Soltis et al. (1990b).

Dahlgren considered the Hydrangeaceae to be
closely allied to Cornaceae and treated them along

with the Caprifoliaceae in his Cornales, an order
he described as closely related to the Dipsacales,

Fouquieriales, and Ericales. On the basis of mor-
phological and chemical data, Hufford (1992)
showed that the “woody saxifrages’ (e.g. Hy-
drangeaceae) are more closely related to melgbel‘s
of the Cornaceae and Loasaceae than to the “her:
baceous saxifrages” (e.g., Saxifragaceae sens. str.).
Our results indicate that Hydrangea, Cornus, an.d
FEucnide (Loasaceae) belong to a monophyletic
group, with the relationships among the genera
unresolved.

Historically, the affinities of the Loasaceae ha:le
been obscure. Takhtajan (1969) initially consid-
ered the Loasaceae to be related to the Borag!-
naceae and Hydrophyllaceae. Subsequent treat-
ments either placed Loasaceae in a separate ord(l?f ,
Loasales, related to the Dipsacales and th(? Pole-
moniales (Takhtajan, 1980), or to the Gennana!:
(Takhtajan, 1987). Hufford (1990, 1992) provt :
ed evidence against the hypothesis that the Loasaf
ceae share a common ancestry with members ?

the Dilleniidae, a position favored by ?f an‘;;;
(1981), and instead supported Dahlgren s (19 o
suggestion that the family shares an ancestry W ;
the Dipsacales, Cornales, and the “\»\'C’Od)'ﬂs‘a’.nt
frages.”” On the basis of wood anatomy, Ca q“fh
(1992) believes that Loasales are not far fmm;:lts
orders as the Dipsacales or Cornales. The :h&@
presented here support, in part, the hypo \quist
presented by Hufford, Dahlgren, and Carlq®="

attesting to a common ancestry for Loasacea® and
Cornales. | loat
The systematic position of Aucuba 15 e
This genus is placed in the Cornaceae by Cfo',]q“t::
(1981), whereas Takhtajan (1980) placed it i
closely related family Aucubaceae. Aucuba

<R iStrys
from all other cornaceous taxa in 1is chemis



S — T—— T — | mmm——

— | ———— e — e T ————. | —

Volume 79, Number 2
1992

floral anatomy, embryology, and pollen structure
(Rodriguez, 1971; Takhtajan, 1980). Our results
place Aucuba outside of Group A and suggest that
if the Cornaceae are circumscribed to include this
taxon, the family would be polyphyletic. However,
by imposing the constraint on the cladistic analysis
that Aucuba and Cornus species form a mono-
phyletic group, shortest trees one step longer than
the most parsimonious trees were found. Conse-
quently, the putative polyphyly exhibited by this
group must be regarded as tentative.

(B) Solanales. The clade designated as
Solanales in this analysis comprises three families
(sensu Cronquist): Solanaceae, Nolanaceae, and
Convolvulaceae. It is widely agreed that the So-
lanaceae and Nolanaceae are closely related. In
the past, Nolanaceae have either been treated at
the subfamilial level within the Solanaceae (D’Arcy,
1.979) or as a closely related segregate family de-
l’l\.red from the Solanaceae (Cronquist, 1981; Takh-
tajan, 1987). Our results are consistent with those
of Thorne (1968), D’Arcy (1979), and Olmstead
& Palmer (1992), affirming the submersion of No-
lana within the Solanaceae. The position of the
morphologically distinct Schizanthus as the ear-
liest diverging lineage in the Solanaceae is also
supported by the more extensive restriction site
aflfllysis of Olmstead & Palmer (1992). Our results
differ from those of Olmstead & Palmer in the
relationships among Nicotiana, Nolana, and So-
lan(?ra. Our results place Nicotiana and Nolana
aS. sister taxa, with Solandra basal to this group
(Fig. 2). Olmstead & Palmer show that Nolana
and Solandrq are more closely related to each
other than either 1s to Nicotiana.

The Solanaceae and Convolvulaceae emerge as
ter 8roups in our analysis. Anatomical and phy-
tochemical similarities between these two families
have suggested a close relationship in the past
(Cl‘anm'st, 1981; Thorne, 1983). Moreover, a
Ph)'logenetic analysis of rbel sequence data (Olm-
Stead et g, 1992) corroborates this relationship.

(C) .Boraginales. The clade designated as the
Boragt.nales 1s represented by two families in this
:::]g S BO!'aginaceae and Hydrophyllaceae. The
famil; morphological relationship between these
T akhes.has long been evident (e.g., Dahlgren, 1983;
s tajan, 1987). in spite of Cronquist’s (1981)
g tment to the contrary, wherein the Boragina-
beae =S P laced alongside the Lamiaceae and Ver-
arella(:leae in his Lamiales, and the Hydrophyllaceae
evﬁrP aced in his Solanales. Cronquist does, how-
them acknowledge the strong similarity between

“m. The division of this clade into two distinct

SIS
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lineages, with Heliotropium (Boraginaceae) placed
in a clade with Hydrophyllum and Eriodictyon
(Hydrophyllaceae), raises questions about the cir-
cumscription and generic relationships of the two

families.
(D) Scrophulariales plus Lamiales. The larg-

est group recognized in the analysis is composed
of families that have traditionally been considered
in the Scrophulariales and Lamiales. They are
treated here together, owing to the lack of reso-

lution within the clade. Included here are repre-
sentatives from 12 families, Scrophulariaceae,

Globulariaceae, Gesneriaceae, Acanthaceae, Pe-

daliaceae, Bignoniaceae, Myoporaceae, Lami-
aceae, Verbenaceae, Callitrichaceae, Buddleja-
ceae, and Oleaceae. It is widely agreed that the
first seven families are closely related. The Lami-
aceae and Verbenaceae form a closely related pair
(Cantino, 1992) and are often treated in the sep-
arate order Lamiales; however, based on our data,
the distinction between this order and the Scrophu-
lariales is weak. The association of Lamiaceae and
Verbenaceae with the Scrophulariales suggested by
cpDNA restriction site data (Fig. 2) and rbcL se-
quence data (Olmstead et al., 1992) is in accor-
dance with several previous treatments (Wagenitz,
1977; Cantino, 1982; Dahlgren, 1983), but dis-
agrees with hypotheses by Takhtajan (1980) and
Cronquist (1981), who suggested that the Bora-
ginales are the extant group most closely related
to these two families.

Our results further suggest that Buddlejaceae,
frequently regarded as a tribe in the Loganiaceae
(Gentianales), are misplaced and should be consid-
ered within the Scrophulariales plus Lamiales. Cal-
litrichaceae, often included either in the Lamiales
(Dahlgren, 1983; Thorne, 1983; Takhtajan, 1987)
or in their own order near the Scrophulariales
(Cronquist, 1981), lie within the Scrophulariales
plus Lamiales clade. These results are consistent
with those of rbcl sequence analysis (Olmstead et

al., 1992, and unpublished).
The affinities of the Oleaceae have also been

disputed. The family has been placed either in its
own order (Oleales) near the Gentianales (Dahlgren,
1983; Thorne, 1983; Takhtajan, 1987), within
the Gentianales (Stebbins, 1974), or in the Scroph-
ulariales (Cronquist, 1981). Disparities in floral
symmetry, phytochemistry, embryology, and anat-
omy between the Oleaceae and either the Gen-
tianales or the Scrophulariales have precluded a
satisfactory placement in either order. Our results
suggest that the Oleaceae (as represented by For-
sythia, Ligustrum, and Syringa) are more closely
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related to the Scrophulariales than to the Gentiana-
les. This is consistent with the rbcL analysis of
Olmstead et al. (1992), which placed the family in
a basal position in the Scrophulariales.

Of the seven scrophularialean families for which
more than one species was examined, only two,
Acanthaceae and Myoporaceae, emerge as mono-
phyletic. The gynobasic-styled Lamiaceae (Sta-
chys, Prasium, Comanthosphace, and Pogoste-
mon) also emerge as distinct in agreement with
Cantino (1992), but their relationship with other
mints and the Verbenaceae is not resolved.

The lack of resolution within and among the
families that constitute the Scrophulariales is likely
due to two factors. First, the low number of infor-
mative restriction sites within these taxa presents
a problem. Of the 55 phylogenetically informative
characters used in the cladistic analysis, only 10
provide information on relationships among the 22
species from nine families that make up the Scroph-
ulariales (Table 1). Several of these DNAs are
identical in all 77 restriction sites compared. The
estimated pairwise percent sequence divergence
(Brown et al., 1979) between Syringa (Oleaceae)
and Verbascum (Scrophulariaceae), which may
represent extremes within the order (see above), is
0.7% (Table 3). Data from only four restriction
enzymes were available; as data from more restric-
tion enzymes and from gene sequencing are in-
cluded in subsequent phylogenetic analyses, great-
er resolution among the families is expected. A
study of this nature is currently in progress (C.

Morden, C. dePamphilis & J. Palmer, unpub-
lished).

Second, the Scrophulariales are a relatively ho-
mogeneous order, with the morphological similar-

ities among 1ts constituent families emphasized by
many. Several families are connected by genera

thought to be transitional or of uncertain placement
(Armstrong, 1985); consequently, precise circum-
scriptions of some families are ambiguous. More-
over, some members of the order are considered
to be specialized derivatives of the Scrophulari-
aceae, the largest and putatively central family in
the order (Cronquist, 1981). Cladistic analyses us-
ing primarily morphological characters (Lu, 1990)
and rbcl sequence data (Olmstead et al., 1992)
offered little resolution among the families com-
prising the orders Scrophulariales and Lamiales.
Diversification of the Scrophulariales into families

and perhaps even genera may have occurred rap-
idly relative to other orders within the subclass.

(E) Gentianales. The Apocynaceae, Asclepia-
daceae, Loganiaceae, Gentianaceae, and Rubi-

- Annals of the
Missouri Botanical Garden

aceae are representatives of the Gentianales in this
study. Reasonable consensus exists among system-
atists regarding the circumscription and, to a lesser
degree, the infraordinal structure of the Gentia-
nales. The first four families listed above are closely
related in all modern taxonomic systems and are
relatively homogeneous in wood anatomy (Carl-
quist, 1992), morphology, and phytochemstry. The
Menyanthaceae, Buddlejaceae, and Oleaceae, of-
ten included in the Gentianales, are placed else-
where in our analysis (see Groups D and G).

Although most systematists treat the Apocyna-
ceae and Asclepiadaceae as distinct families, some
believe that because few characters clearly diﬁer-
entiate these taxa, it would be more appropriate
to treat them as a single family (Hallier, 1905;
Demeter, 1922: Stebbins, 1974; Thorne, 1983).
Our results support the latter view. The Apocy-
naceae form a monophyletic group when the fls-
clepiadaceae (represented by Asclepias and Perip-
loca) are included within it (Fig. 2).

The Loganiaceae are a morphologically lnetero-
geneous group, with many segregate families rec-
ognized by some authors. The family 1s reproseﬂted
here by three genera: Fagraea, Spigelia, alld
Strychnos. The latter two genera form a clode i
our analysis, whereas Fagraea 1s grouped \.mth the
Gentianaceae, suggesting that it might be misplaced
in the Loganiaceae (see Jensen, 1992). {llterna-
tively, the Loganiaceae may be a paraphyletlc group
ancestral to the Apocynaceae and Gentianaceae.

The Rubiaceae, represented here by Pentas, are
often associated with the Gentianales (Bremer
1992). In the treatments of Takhtajan (19805
1987), Thorne (1983), Dahigren (1983), an
Wagenitz (1977), the Rubiaceae are inleldedm':l
the Gentianales. However, their lack of mnte "
phloem (otherwise ubiquitous n the orclel') and . :
presence of an inferior ovary (otherwlse SUPC";
with few exceptions) make the family stand ap .
from the rest of the order. Cronquist (1981)::d
cluded the Rubiaceae from the Gentianales’ l
considered them in their own order, the RUblllau:::
Similarly, wood anatomy suggests that the. =t
aceae may not belong within the Ce.ﬂ“anam
(Carlquist, 1992), but rather in a neighto :
monofamilial order. Our data place the Rull'am
as the most basal branch within the Gontl e
(Fig. 2), and are, therefore, consistent Wllh el :
their inclusion in the Gentianales or their segr”
gation in a separate order.

(F) Viburnum and Sambucus. The relatio™

ships between Viburnum and Sambuws:ii m

tween these two taxa and other genera tré
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placed within the Caprifoliaceae, have been subject
to much speculation. Our data support the close
relationship between Viburnum and Sambucus
posited by Donoghue (1983) on the basis of mor-
phological evidence. The separation of Viburnum
and Sambucus (plus Adoxa) from the rest of the
Caprifoliaceae and from other Dipsacales has been
suggested by Donoghue and coworkers on the basis
of morphological evidence, rbecL sequence data,
and preliminary cpDNA restriction site data (Don-
oghue, 1983, 1990: Donoghue et al., 1992). Our
data also agree with this view. The absence of two
restriction fragment length variants in Viburnum
and Sambucus, otherwise present in the four other
Caprifoliaceae examined (Table 2), further distin-
guishes them from the Caprifoliaceae sens. str. but
5 neutral with respect to the controversy con-
cerning their phylogenetic affinities.

The putative sister-group relationship between
the clade consisting of Viburnum and Sambucus
and the Asterales, as seen in Figure 2, is compli-
cate(.i by the fact that more than one most parsi-
Momous reconstruction (MPR) exists (Swofford &
Maddison, 1987). Because the branch uniting
Croups F and G has zero-length under one MPR
but 2 length of one under a different MPR, PAUP
rétans the zero-length branch (Swofford, 1990).
The collapse of this zero-length branch yields an
unresolved trichotomy consisting of Groups A
through E as one branch, Group G as another
branch, and Group F as the third branch (Fig. 3).
Given this, the close relationship of Viburnum and
Sambucus to the Asterales in Figure 2 must be
"¢garded as tentative. On the basis of rbcL se-
duence data (Donoghue et al., 1992), the connec-
"on between Viburnum and Sambucus and the
Asterales is also unclear.

\C) Asterales sensu lato. The clade identified
- ‘the Asterales in Figure 2 comprises represen-
‘atives from the Asteraceae, Calyceraceae, and
Me")'ﬂnthaceae. Material from the allied Campan-
ula!& (Goodeniaceae and Campanulaceae) was ex-
iMmined (Table 1), but extensive length and se-
duence variation in their cpDNAs made comparative
xpgmg i.!nd the confirmation of homology of re-
= Chion Slfes impossible. Therefore, these families
Sisre not included in the phylogenetic analysis.

ter-gr oup relationships between Gamocarpha
::3 if’opis (Qalyceraceae), and between Villarsia
e Ymphoides (Menyanthaceae), are evident;
Cal ©ver, relationships among the Asteraceae,
O Yeeraceae, and Menyanthaceae are not resolved.
an?:r than the loss of the rpl2 intron in the Meny-

aceae (Table 3; Downie et al., 1991), the
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DNAs of Menyanthes and Fauria (Menyantha-
ceae) and Barnadesia (Asteraceae) are identical
at all restriction fragments compared, with only
two character differences separating Barnadesia
from Lactuca (Fig. 3). A closer relationship be-
tween Villarsia and Nymphoides than between
these two genera and any other in the Menyan-
thaceae is also inferred from morphological and
flavonoid chemical data (Ornduff, 1973; Bohm et
al., 1986).

Affinities between the Asteraceae and Calycera-
ceae have often been claimed based on floral mor-
phology and wood anatomy (Turner, 1977; Skvarla
et al., 1977; Carlquist, 1992). Dahlgren (1983)
and Thorne (1983) placed the Calyceraceae in the
Dipsacales, whereas Cronquist (1981) placed them
in their own order, the Calycerales, which he stated
is related to and probably derived from the Dip-
sacales. Our results strongly indicate that the Ca-
lyceraceae belong within the clade designated here
as the Asterales and not within the Dipsacales.
Phylogenetic analyses of rbcl. sequence data cor-
roborate these results and indicate further that the
families Calyceraceae and Goodeniaceae are the
closest living relatives to the Asteraceae (Michaels
et al., in prep.; Olmstead et al., 1992).

The presence of Menyanthaceae in the astera-
lean clade is unexpected. Once relegated to infra-
familial status within the Gentianaceae (Bentham,
1876; Rendle, 1925), the Menyanthaceae are now
recognized at the familial level. Discordance be-
tween anatomical and chemical characters has pre-
cluded a consensus on its ordinal placement. Most
modern systematists include the Menyanthaceae
within the Gentianales (e.g., Takhtajan, 1987), but
Cronquist (1981) viewed their position here as
“discordant” and placed them in the Solanales.
Our data are in agreement with the strong evidence
from rbcL sequences (Olmstead et al., 1992) that
instead places Menyanthaceae within the Asterales.
Although the families differ strikingly in flower and
inflorescence morphology, a close relationship be-
tween the Menyanthaceae and Asteraceae was pos-
ited by Yamazaki (1971) on the basis of similarity
in embryo development, and by Pollard & Amut;
(1981) on the basis of common possession of inulin.

(H) Apiales. Cronquist (1981) placed the Api-
ales (Apiaceae and Araliaceae) in the subclass Ro-
sidae. The morphological resemblance among the
Apiales, Cornaceae, and some genera of Caprifo-
liaceae has been noted (Thorne, 1983), with the
Apiales considered allied to the Cornales and placed
in the Rosidae (Cronquist, 1981). Our results agree
that the Araliaceae and Apiaceae are closely related
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(e.g., Takhtajan, 1980; Cronquist, 1981; Thorne,
1983). The placement of the Apiales as sister group
to the Dipsacales in our study is variously supported
by rbcL sequence data. Our data are in close
agreement with Olmstead et al. (1992) in placing
the Apiales as sister group to the Dipsacales, but
differ from Donoghue et al. (1992) in which the

position of the Apiales in relation to the Dipsacales
(and Asterales) i1s uncertain.

(I) Dipsacales. Included here are taxa be-
longing to the Caprifoliaceae, Dipsacaceae, and
Valerianaceae. Viburnum and Sambucus are ex-
cluded from this clade in our analysis (see above
discussion of Group F). The Dipsacaceae emerge
as monophyletic and are nested along with Valeria-
naceae within a paraphyletic Caprifoliaceae (Fig.
2). Kolkwitzia, belonging to the tribe Linnaeeae
of Caprifoliaceae, and Valeriana (Valerianaceae)
emerge as sister taxa in our analysis. A close re-
lationship has been proposed between this tribe and
the Valerianaceae (Wilkinson, 1949: Donoghue,
1983; Donoghue et al., 1992). Lonicera and Sym-
phoricarpos also emerge as more closely related
to each other than either is to any other member
of the Caprifoliaceae. A more detailed analysis of
the phylogeny of the Dipsacales based on rbclL
sequences 1is presented elsewhere in this volume

(Donoghue et al., 1992).

(J) Fouquieria and Polemoniaceae. The sys-
tematic positions of the Fouquieriaceae and the
Polemoniaceae have long been matters of contro-
versy. lhe Fouquieriaceae have been variously
placed in the Violales (Dilleniidae; Cronquist, 1981),
the Tamaricales (Dilleniidae; Takhtajan, 1980), or
in their own order, the Fouquieriales (Corniflorae,
near Ericales and Cornales; Dahlgren, 1983). The
Polemoniaceae, once thought to be allied with the
Caryophyllales (Caryophyllidae) or with the Ge-
raniales (Rosidae; see review in Dawson, 1936),
are often placed in the Asteridae (Cronquist, 1981;
Takhtajan, 1980). Henrickson (1967) and Thorne
(1977) considered the Polemoniaceae tc have af-
finities with the Fouquieriaceae. Hufford (1992)
allied the Polemoniaceae with the Pittosporaceae
and treated this clade as sister group to the As-
teridae, and placed the Fouquieriaceae as the sister
group to the Ericales (Dilleniidae). The latter hy-
pothesis is supported by Olmstead et al. (1992,
and unpublished), whose results showed that the
Fouquieriaceae and Polemoniaceae are part of a
monophyletic Ericales. The placement of the Fou-
quieriaceae alongside the Polemoniaceae in this
study is in agreement with Henrickson’s and
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Thorne’s earlier hypotheses: however, their close
relationship is not well supported.

Fouquieria possesses a number of distinctive
features that make it equally as anomalous in the
Dilleniidae as in the Asteridae (Wagenitz, 1977;
Cronquist, 1981; Hufford, 1992). The basal po-
sition of Fouquieria and Polemoniaceae in Figures
2 and 3 is surprising and demands further atten-
tion. In this regard, it is noteworthy that some
support for this position is also found in a rbcl
sequence phylogeny (Olmstead et al., 1992, and
unpublished).

CONCLUSIONS

Comparative restriction site mapping of IR se-
quences of chloroplast genomes from 99 species
and 37 families of Asteridae and putatively allied
taxa in the Rosidae and Dilleniidae allows for ph)f-
logenetic inference at high taxonomic levels. ms
study demonstrates for the first time the pot?antlal
of this approach for illuminating phylogenetic re-
lationships at the familial and ordinal level. Wolle
et al. (1987) have demonstrated that rates of nu-
cleotide substitutions at silent sites and in noncoding
sequences in the IR are 4—6 times lower than th(.)se
in single-copy regions. Consequently, by foc.:usmg
exclusively on the highly conserved IR region of
the chloroplast genome one can predict that com-
parative restriction site mapping studies can be
extended to evolutionary depths 4—6 times greater
than that to which they have been appﬁt?d e
ously. Since restriction site variation within the
entire chloroplast genome has been used sucCess"
fully to infer phylogenies for a few large famllles;
it is not surprising that restriction site mapping ©
the IR works well over the whole Asteridae.

This conservatism in IR restriction site mut&
tions is, however, both a blessing and a curse. At
appropriate levels of nucleotide divergence, these
data can be used in a cladistic analysis 10 “ffer
relationships; however, the extreme conservaust
of the IR precludes robust hypotheses of relation-
ships among relatively closely related taxa. Als‘;i
excessive divergence in restriction sites I sever :
families (Table 1), particularly those that have 10:5
one entire segment of the cpDNA IR, preven f
alignment of restriction maps and assessment ‘;
site homology. Divergence at the structural. lef'e '
whether due to inversions or major length variatiot
also limits the utility of this approach. At deep
phylogenetic levels, the approach presented h;’:
will yield fewer informative characters than D \
sequencing but is clearly a useful adjunct aPProac
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to sequencing. The utility of rbcl. sequence data
in inferring relationships across different subclasses
of angiosperms has been demonstrated by Olmstead
et al. (1992).

Phylogenetic analysis of cpDNA IR restriction
site variation provides a means of reassessing the
traditional and largely morphologically based clas-
sifications of the Asteridae. The results presented
here are preliminary in the sense that the ratio of
mformative characters to taxa is low and therefore
are not a sufficient basis for a new classification of
the subclass. Nevertheless, they provide a set of
explicit hypotheses about relationships in the As-
teridae that can be tested as additional evidence
becomes available. These data provide important
corroborating evidence for other contemporary
studies focusing on cpDNA sequence data (Dono-
ghue et al., 1992; Michaels et al., in prep.; Olm-
stead et al., 1992). If subsequent analyses support
the results presented here, some realignments in
the circumscription and classification of the Aster-
idae will be in order.

The following general conclusions are reached
concerming phylogenetic relationships in Asteridae
sensu lato. (1) Six distinct clades that broadly cor-
respond to traditionally recognized orders in the
A.steridae can be circumscribed: Solanales, Bora-
ginales, Scrophulariales plus Lamiales, Gentianales,
Asterales sens. lat. (including Calyceraceae and
Menyanthaceae), and Dipsacales (minus Viburnum
and Sambucus). Infraordinal relationships are rea-
sonably well resolved for four of these orders, but
not for the Scrophulariales plus Lamiales and As-
terales sens. lat. Interordinal relationships remain
poorly resolved. (2) The Apiales, included here in
the Asteridae sens. lat., may be the sister group
'0 the Dipsacales. Members of Hydrangeaceae,

Cornaceae, and Loasaceae emerge as closely allied
and also fall within the Asteridae sens. lat. Con-
Seq.uem]y, the Asteridae as traditionally circum-
scnb?d do not form a monophyletic group. (3) The
Capnfoliaceae, n any traditional sense, cannot be
Monophyletic. Viburnum and Sambucus emerge
4 a distinct clade, well separated from the four
other genera of Caprifoliaceae examined. Dipsa-
Caceée and Valerianaceae arise from within the
Caprifoliceae sens. str., with Kolkwitzia as a sister
E:“P to Valerianaceae. The Caprifoliaceae are, at
l ' paraphyletic. (4) Some light is shed on the
fhacement of several problematic taxa. Menyan-
le‘a Ceae are placed in the Asterales sens. lat., Budd-
S(J:aceae a"fi Callitrichaceae are placed within the
wi'sph‘llanales plus Lamiales, Nolana is placed

thin the Solanaceae, and the Rubiaceae are allied
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to the Gentianales. (5) Asclepiadaceae are derived
from Apocynaceae.

Of the 25 families for which more than one
species was examined (Table 1), ten (Acanthaceae,
Apocynaceae sens. lat., Araliaceae, Asclepiada-
ceae, Calyceraceae, Convolvulaceae, Dipsacaceae,
Myoporaceae, Polemoniaceae, and Solanaceae)
constitute monophyletic groups; two (Caprifolia-
ceae sens. lat. and Cornaceae) may be polyphyletic;

two may be paraphyletic (Apocynaceae and Cap-
rifoliaceae sens. str.); and 12 are unresolved with

the data at hand.

The results presented here are generally con-
sistent with traditional morphological groupings and
are highly congruent with a phylogenetic analysis
of rbcL sequence data (Olmstead et al., 1992).
The lack of resolution in many portions of the
consensus tree is primarily due to an insufhicient
number of characters rather than conflict among
characters, for many of the branches are supported
by only one character change (Fig. 3). Future
analyses should therefore benefit from the use of
additional restriction enzymes to increase the num-
ber of restriction sites sampled. With more char-
acters, measures of statistical evaluation (e.g., boot-
strap sampling) can be applied. Other problematic
families, such as the Plantaginaceae, Lentibulari-
aceae, and Retziaceae, can be included in further
analyses.

Phylogenetic relationships based on these mo-
lecular data should help to assess the relative im-
portance of traditional characters (e.g., morpho-
logical, phytochemical, embryological) currently
used in circumscribing orders and families in the
Asteridae. The occurrence of unexpected relation-
ships suggests that a reevaluation of characters is
in order, particularly in the taxa heretofore -
cluded in the Rosidae and Dilleniidae. In the future,
the approach presented here should complement
DNA sequencing and structural rearrangement
studies in elucidating relationships at higher tax-

onomic levels.
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